This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor an agency thereof, nor any of their employees, nor any of their contractors and subcontractors, or their employees, makes a warranty, express or implied, or assumes legal liability or responsibility for the accuracy, completeness, or any third party's use or the results of such use of any disclosed information, apparatus, product, or process or represents that its use woutd not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply an endorsement, recommendation, or favoring by the United States government or an agency thereof or its contractors or subcontractors. [19][20][21][22][23][24][25][26][27][28][29][30]1996. The purpose of this survey was to measure the quantities of radionuclides that remain in the canyons from past laboratory operations. A total of 65 h situ measurements were conducted using high-resolution gamma radiation detectors at 1 meter above the ground. The measurements were obtained in the streambeds of the canyons beginning nearthe water-release points at the laboratories and extending to the ends of the canyons. Three man-made gamrna-emitting radionuclides were detected in the canyons: americium-241 (241Am), cesium-1 37 ( r 3 7 C~) , and cobalt-60 (60Co). Estimated Contamination levels ranged from 13.3-290.4 picocuries per gram (pCi/g) for 241Arn, 4.4-327.8 pCi/g for I3'Cs, and 0.4-2.6 pCi/g for W o .
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SURVEY OPERATIONS
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The area surveyed by a single in sicu measurement is equivalent to the surface area contained in about 40 thousand soil samples-each sample measuring 4 in (1 0 cm) in diameter. After each measurement, the site was marked with a surveyor's pin flag with the site number and date, and the positional coordinates were recorded using a Global Positioning System (GPS) receiver. A total of 26, 12, and 27 in situ measurements were conducted in Mortandad, Ten Site, and DP Canyons, respectively.
QUALITY CONTROL AND CALIBRATION
A quality control procedure was implemented and employed throughout the survey to identify changes in the detector systems. The procedure involved a series of quality control measurements at the beginning and end of each day. The results of the measurements were compared daily to ensure the integrity of the detector systems. The quality control and calibration procedures meet the criteria specified by the American National Standards Institute, ANSI N42.14-1991.
Quality control measurements were conducted at a location designated as a "control point." The HPGe system was positioned on a 1-m tripod, and a 300-second (5-minute) measurement of a radiation source traceable to the National Institute of Standards and Technology (NIST) was collected. The NISTtraceable composite radiation source consisted of a Lucite holder, measuring 1 in (2.5 cm) in diameter by 1 in long, with three metal capsules containing 5.9 microcuries (pCi) of americium-241 (241Am), 14.3 pCi of cesium-137 (137C~), and 3.7 pCi of cobalt-60 (60Co). A typical HPGe quality control data spectrum is presented in Figure 3 and shows the prominent gamma rays from the NIST composite source and the natural terrestrial background. The net photopeak counts from 137Cs (661 keV) were recorded and used to monitor changes in the detector systems. During the two-week survey, the variation in the count rate for I3'Cs (661 keV) was found to be less than 2 percent for the two detector systems.
The NET-traceable source was also used to determine the energy calibration of the HPGe system. The spectrum in Figure 3 shows gamma rays from 241Am
(59.5 keV), 137Cs (661.6 keV), and 6oCo (1,173.2 and 1.332.5 keV) that provided an energy calibration over the primary energy region for man-made radionuclides. The energy calibration was determined by a linear least-squares fit of the peak reference gammaray energies and the peak centroid channel numbers. The energy calibration was used to identify gamma rays from man-made radionuclides in the spectral data obtained in the canyons. The iiz situ radiation detection system is shown in Figure 
HPGe Detector System
Two EG&G ORTEC HPGe coaxial detectors were used io measure the in siru gamma-ray spectra. The operational characteristics of the detectors are listed in Table 1 . Each detector was coupled to a 1.54 liquid nitrogen cryostat that allowed for t 2-hour continuous field operations. The detectors were n-type with an ultra-thin beryllium end-cap window for increased sensitivity to low-energy gamma rays. The tripods were fitted with a mounting plate to hold the detector in the vertical face-down position and an adjustable vise to hold the MCA. The tripod legs were adjusted so that the detector face was nominally 1 rn from the surface of the ground.
The Davidson MCA is a portable, self-contained field unit that provides preamplifier and high-voltage power supplies; a spectroscopy amplifier; and a 4,096-channel, analog-to-digitat converter (ADC). The MCA is programmable using an external keypad and a liquid crystal display (LCD). The unit contains a 2-in (5-cm)
cathode-ray tube (CRT) for viewing the spectral data and a microcassette tape unit for recording the data.
An internal battery provided an operational field life of eight hours.
Global Positioning System
Coordinates for the measurement locations were provided by the GPS receiver shown in Figure 5 . 
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Initial screening and storage of the gamma spectral data in the field were conducted using a laptop computer. After each field measurement, the spectral data were downloaded to a laptop computer where the spectral data were screened for gamma rays from man-made radionuclides using "Gamma Data Reduction,+ a commercial gamma-ray spectroscopic analysis software package. The analysis code was used to view the spectral data and conduct a peak search, peak-area calculation, and radionuclide identification before proceeding to the next measurement.
Data Analysis in the Field
ANGULAR EFFICIENCY CHARACTERIZATION
Prior to the in situ survey, the HPGe detectors were characterized for angular efficiency at the RSL in Las Vegas, Nevada. For the characterization process, the detector was suspended in the vertical position.
Directly beneath the detector was a semicircular arch that rotated a radiation point source at a constant 'I -m distance from the detector face. A series of measurements were conducted with NIST-traceable point sources to include 241Am (114 uCi), 137Cs (78.4 uCi), and europium-152 (152E~) (61.6 $3). The sources were ptaced at 10-degree increments along the arch from 0 degrees (directly below the detector face) to 90 degrees during the characterization process. The radiation sources provided a range of gamma-ray energies from 32-1,408 keV. The net photopeak counts for the characteristic gamma rays from the NlST sources were extracted from the measured spectra and used to determine the conversion factors for photopeak count rate to soil activity concentration.
The methodology used to derive the conversion factors is presented in Section 7.0.
DERfVATlON OF CONVERSION FACTORS
A model is presented to derive the factors for converting detector photopeak count rates to soil activity concentration for irr siru measurements. The model is based on the methodology proposed by Beck er aL3
and Rei~-nan.~ The conversion of photopeak-counting rate to activity is achieved by first determining the unscattered flux, 9, from a point source of activity, So, and distance, do, in air as given in Equation 1 :
where ,la is the mean free path of the gamma ray in air. The mean free path can also be expressed in terms of air attenuation as shown in the following equation:
--where (~/ p )~ represents the air mass attenuation coefficient and po is the air density. A more general expression in Equation 3 can be derived for a point source embedded in the soil as follows:
where the exponential term includes the mass attenuation coefficient and the density terms for both air and soil. The term d = d, + d,, where d, and al, are the distances in the air and soil, respectively, is the total distance that h@ gamma ray must trave' to reach the detector* The unscattered gamrnamray flux a source distributed in the soil can be integrated over all points in the soil as follows:
where Np is the net photopeak count rate in units of counts per second (cps). The angular response of the detector to a photon of energy E, can be defined by  R(0, E,,) , and the effective area is defined as follows:
The relative angular response function of a detector to an infinite, uniformly distributed source is often modeled as isotropic [R(8) = 11, cosine 0, or a linear combination of the isotropic and cosine responses. The angular response function can also be determined experimentally as outlined in Section 6.0 by ing the soil activity per unit volume. A schematic of the cific angles re'ative to the detector face* detector-soil interface geometry is shown in Figure 6 .
Equation 4 a distribution that is formly distributed with depth and is useful in describFor a detector system, the response to a monoenering undistributed soil or soil that has undergone homogetic gamma-ray flux from a point source situated norgeneous mixing. Radioactive faltout that has been mal to the detector surface is defined by the detectordeposited on the surface will disperse into the soil effective area A0 and expressed as follows:
over where $!is the activity per unit volume at the surface, z is the soil depth parameter, and a, is the reciprocal of the relaxation length.
Beck4 derived the following relationship between the incident gamma-ray flux for a given gamma energy in a detector and the detector photopeak count rate for a radiation source distributed in the soil or on the soil surface. 
where the parameter is the gamma-ray decay branching ratio, and the value of 0.037 is the number of disintegrations per second per picocurie.
Then dividing by the soil density, the following expression is obtained:
where a, is the reciprocal of the relaxation length The relaxation length is used to define the distribution of activity in soil. The gamma-ray flux emitted from the soil, however, is a factor of both the relaxation length and the energy-dependent soil attenuation factor.
The two models presented thus far can be used to describe a range of soil activity distributions. The exponential soil activity distribution is used to model soil previously exposed to fallout that has since diffused into the soil. This model is most applicable to contamination from man-made radionuclides in the Los Alamos canyons. The uniform soil activity distribution is used to model the naturally occurring radionuclides in undisturbed soil or in contaminated soil that has undergone homoieneous mixing. For each model, the radioactive material is assumed to be uniformly distributed over an infinite plane with the activity variance only with depth.
The applicabte model for the natural radionuclides is an infinite source in the horizontal direction with a uniform soil activity depth distribution. By using values for as and z of 1 x and 5 cm (2 in), respectively, in the exponential depth distribution model, one can approximate the uniform activity depth distribution. The conversion factors derived in Table 2 Tables 3 and 4 for (a) uniform soil activity depth distributions and (b) exponential soil activity depth distributions for the man-made radionuclides 24rArn, 137Cs, and 6oCo for the two HPGe detectors, respectively. The conversion factors are for 1 m above ground level (AGL) with a soil density of 1.5 g/cm3.
R=30 R=10 R = 3
R=l 60x20 6 0 x 6 6 0 x 2 2 0 x 6 2 0 x 2 6 x 2 The three radionuclides presented in the tables were the only man-made radiological contaminants detected in the canyons. To determine the soil activity concentrations, the net photopeak count rate in counts per second is multiplied by the appropriate The value of the relaxation length used in the exponential depth distribution model was selected to be 0.33 cm-l. The a-l value of 3 cm (1.2 in) has been used to model6 surface-deposited radionuclides that have diffused into the soil over extended periods. The depth parameter z used to derive the conversion factors was based on the maximum attenuation length for the gamma ray of interest. Assuming. that the radionuclides are concentrated in the first 3 cm of soil, low-energy gamma rays such as the 59-keV gamma from 24rAm will be significantty attenuated by the soil whereas high-energy gamma rays such as the 1,332-keV gamma from 6oCo wilt undergo only minimal attenuation.
R = l
6 0 x 2 0 6 0 x 6 6 0 x 2 2 0 x 6 2 0 x 2 6 x 2 Tables 3 and 4 indicates that the differences between the infinite (approximated by the R = 30-m 1100-ft] conversion factor) and finite source distributions are largest for the exponential distributions and smallest for uniform soil distributions. As an example, the relative conversion factors for a source having an area of 60 by 2 m(200 by 6 ft) (an approximation to a straight streambed) are approximately 2 for a uniform soil distribution and 2.2-2.7 for an exponential soil distribution. The magnitude of these correction factors indicates that the terrain of the measurement site must be taken into account to provide the most accurate estimates of soil activity distributions.
isotope R=30 R=10 R=3
R=l 60x20 6 0 x 6 6 0 x 2 2 0 x 6 2 0 x 2 241Arn 
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At the completion of the in siru survey, the spectral data were archived and analyzed using gamma-ray spectroscopic analysis software. The quality control spectrum acquired at the beginning of each day was used to calibrate the energy scale for spectral analysis. The gamma-ray spectra were analyzed by fitting a normalized empirical Gaussian distribution function to the photopeaks of interest and subtracting the gamma-ray background and Compton continuum. The statistical uncertainty in the photopeak area attributed to the peak-fitting routine was typically less than 5 percent. The measured photopeak energies were compared to reference energies in a radionuclide library, and the corresponding radionuclides were identified. All gamma rays were identified as originating from either natural radionuclides or the three manmade radionuclides previously mentioned.
In Situ Measurement of Natural Terrestrial Radiation
A typical spectrum of natural terrestrial in situ gamma-ray energy is shown in Figure 7 . The natural terrestrial radionuclides and their prominent gamma rays that can be detected by the in siru method are listed in Table 5 . The environment of natural terrestrial radiation contains many gamma rays that primarily originate from the decay chains of uranium-238 (236U) and thorium-232 (232Th) and from potassium-40 (40K). The 232Th radionuclide is in secular equilibrium with its decay progeny actinium228 (228A~), and thus the 911-keV gamma ray from 2 2 * A~ can be used to infer the concentration of 232Th. A similar relationship exists for 238U that is in secular equilibrium with its decay progeny bismuth-214 (214Bi), and thus the 1,764-keV gamma ray from 214Bi can be used to infer 238U concentration. Although not attributable to natural terrestrial radiation, 137Cs is also present in the in situ spectrum. Detectable levels of 137Cs at the laboratory could arise either from worldwide fallout from atmospheric nuclear weapons tests or releases from the laboratory.
In Situ Measurement of Man-Made Radionuclides
Presented in Figure 8 is an in situ measurement spectrum acquired at Site 19 in Mortandad Canyon. The Presented in Table 6 are the MDAs for the 241Am, 137Cs, and %o radionuclides. The MDA represents the amount of activity of a radionuclide that must be present before it can be detected with any certainty.The MDA is generally defined at the 30 statistical level, where (3 is the standard deviation of the background counts in the photopeak window.
The MDA value for a detector is a function of the gamma-ray energy, the soil-matrix distribution, the detector-source geometry, the photopeak background count rate, and the analysis methodology. The MDA for 241Am was determined to be approximately 10 pCi/g. It should be noted that 241Am was only detected in the presence of elevated levels of 137Cs and 6oCo, both emitting high-energy gamma rays that contribute to the low-energy Compton continuum. As a result, the detection sensitivity for 241Am is greatly reduced. The MDA for 241Arn would be significantlylower if there was no interference from the other manmade radionuclides. 
DISCUSSION OF DATA
The results of the in situ surveys in Mortandad, Ten Site, and DP Canyons are presented in Tables 7-9 .
The tables contain the site number, the GPS position coordinates in latitude and longitude, and the net photopeak count rates. The estimated soil activity concentrations for the man-made radionuclides are denoted in parenthesis and are given in units of picocuries per gram. The tables contain data for the manmade radionuclides, which include 241Am (59 keV), 137Cs (661 keV), and 6oCo (1,332 keV), and the natural radionuclides, which include 40K (1,460 keV), 232Th (911 keV), and 238U (1,764 keV), for each site measurement. The symbol y < MDA" denotes "less than the minimum detectable activity" and is attributable to a net photopeak area that is less than the 30 MDAvalue.
The net photopeak count rates for the man-made radionuclides have been converted to picocuries per gram using the conversion factors (denoted in bold print) from the exponential depth distribution model with finite-extended source size in Tables 3 and 4 . For the narrow, trench-like streambeds, it is assumed that the man-made radionuclides are embedded in the streambed. The model that best approximates this geometry is a rectangular source measuring 20 by 2 m (65 by 6 ft) long. For the larger, nearly flat watercollection areas surrounded by berms, the model that best approximates this geometry is a circular area having a radius (R) of 10 m (33 ft).
For the natural radionuclides, the data (derived from conversion factors in Table 2 for infinite source distributions) show only small uariations in count rates for the 238U, 232Th, and 40K radionuclides despite measurements taken in a variety of terrains ranging from The uncertainty in the reported soil activity concentravalues for 23aU and 232Th were found to range from tions based on the extended source distribution model 0.5-1.9 pCi/g (0.3-0.9 cps) and 0.8-1.9 pCi/g is estimated to be f 20 percent. It should be noted, (0.7-1.9 cps), respectively. For 40K, the activity was however, that the model assumes a uniform flat terestimated to range from 12.5-38.7 pCi/g rain and the radionuclides are embedded only in the (4.8-12.9 CPS).
stream bed. 
Mortandad Canydn
The results of the in situ measurements for Mortandad Canyon are presented in Table 7 . The man-made radionuclides, 241Am, 13'Cs, and 6oCo, were detected from Site 19 east (downstream direction) to the watercollection areas at Site 9. These sites exhibit laboratory contamination and are denoted by the red markers in Figure 1 . Beginning at the upper end of the streambed from Site 19 to Site 12, the streambed is a winding, narrow trench 6 ft (2 m) wide by 4 fi (1.2 m) deep. The streambed was generally sandy and slightly damp. Sites 9, 10, and 11 are man-made water-collection areas (sediment traps) developed by the laboratory. The collection areas are dry settling ponds of approximately 30 by 40 ft (9 by 12 m) with 8-to 1 0 4 (2.5-to 3-m) berms on 3 sides to collect and inhibit canyon water from flowing beyond the area.
Downstream from Site 9, the streambed continues as a trench and gradually broadens to a shallow trough near the laboratory boundary at Site 1. No measurable contamination (except 137Cs), denoted by sites with black markers in Figure 1 , was detected downstream from the settling ponds at Site 9 with the exception of Site 24. Site 24, denoted by a blue marker in Figure 1 , indicates possible laboratory contamination of 137Cs estimated before at 11.5 pCi/g. 
-
The origin of the 137Cs levels detected downstream from Site 9 cannot be decisively determined; however, with the exception of Site 24, the values are consistent with worldwide fallout levels from atmospheric nuclear tests. It should also be noted that 241Arn is a decay product of plutonium-241 (241Pu), which is present in trace quantities with reactor-separated plutonium-239 (239Pu). Therefore, the presence of 241 Am may indicate of low-level 239Pu contamination.
Ten Site Canyon
The results of the in siru measurements for Ten Site Canyon are presented in Table 8 
CONCLUSION
An in silu radiological survey was conducted at Mortandad, Ten Site, and DP Canyons and other locatio'ns at LANL during August [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] 1996 . A total of 65 measurements were conducted in the streambeds traversing the canyons. The survey was conducted in support of the laboratory environmental restoration programs and measured the quantities of radionuclides that remain in the canyons as a result of past laboratory operations. The three man-made radionuclides detected were 241Am, ls7Cs, and %o. 
